Abstract. Ligularia fischeri (LF) has been used as an edible herb and traditional medicine for the treatment of inflammatory and infectious diseases. In the present study, we report the effects and molecular mechanism of the ethanolic extract of LF on cell proliferation, invasion and tube formation in human umbilical vein endothelial cells (HUVECs). LF-mediated inhibition of cell proliferation was accompanied by reduced expression of cell cycle-related proteins such as cyclin-dependent kinases (Cdks) and cyclins, leading to pRb hypophosphorylation and G 1 phase cell cycle arrest. We also show that LF treatment inhibited cell invasion and tube formation in HUVECs. These anti-angiogenic activities of LF were associated with the inactivation of mitogenic signaling pathways, induction of vascular endothelial (VE)-cadherin distribution at cell-cell contacts and inhibition of matrix metalloproteinase (MMP) expression. Collectively, our findings demonstrate the pharmacological functions and molecular mechanisms of LF in regulating endothelial cell fates, and support further development as a potential therapeutic agent for the treatment and prevention of angiogenesis-related disorders including cancer.
Introduction
Angiogenesis, the formation of new blood vessels from pre-existing neighboring vessels, is essential for pathological conditions including cancer, ocular disorders, arthritis and obesity as well as physiological processes such as wound-healing, menstruation and ovulation (1, 2) . The process of angiogenesis includes endothelial cell proliferation, migration, adhesion, invasion, tube formation and recruitment of pericytes, and is tightly regulated by the complex interplay of angiogenic and anti-angiogenic factors within tissue microenvironment (3) (4) (5) . Matrix metalloproteinases (MMPs) play important roles in tissue remodeling by degrading extracellular matrix (ECM) components and cell surface molecules, leading to angiogenic responses associated with cancer growth and progression (6) (7) (8) . MMP-mediated cleavage of vascular endothelial (VE)-cadherin in cell surfaces may promote vascular permeability, proliferation, invasion and capillary-like structure formation by dissociating cadherin-catenin complex and disrupting cell-cell adhesion (9) (10) (11) (12) (13) (14) . The activities of these MMPs are regulated by endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs) (15) . In addition to MMP-inhibitory activity, many investigations demonstrate that TIMPs regulate cell fates such as proliferation, migration, apoptosis and differentiation through MMP-independent mechanism (16) (17) (18) (19) (20) (21) suggesting that the identification of the specific MMP target is absolutely required for realizing the clinical potential of MMP inhibitors (22, 23) . Ligularia fischeri (LF) (Ledebour) Turczaninow var. spiciformis Nakai (Compositae), an edible herb distributed in Eastern Asia including Korea, China and Japan, has been used in traditional medicine to treat rheumatoid arthritis, erysipelas, scarlet fever and jaundice. Previous investigations demonstrate that the extracts and biologically active components of LF exert anti-inflammatory, anti-oxidative, anti-hepatotoxic and anti-obesity activities (24) (25) (26) (27) (28) (29) . In addition, several studies show the anticancer activity of LF against various cancer cell lines including acute promyelocytic leukemia, oral cancer, breast cancer, lung cancer and ovarian cancer cells (30) (31) (32) (33) . However, the biological effects of LF on angiogenesis associated with cancer growth and progression have not yet been explored. In the present study, we evaluated the regulatory effects and molecular mechanisms of LF on cell proliferation, invasion and capillary-like structure formation in human umbilical vein endothelial cells (HUVECs).
Materials and methods
Cell culture conditions. Primary cultures of HUVECs were purchased from Lonza (Walkersville, MD, USA) and used between passages 3 and 6 for all experiments. Cells were cultured in EGM-2 ® BulletKit containing endothelial basal medium-2 (EBM-2) and the following growth supplements (EGM-2 ® SingleQuots Kit: human epidermal growth factor, vascular endothelial growth factor, R3-insulin-like growth factor-1, human fibroblast growth factor, ascorbic acid, hydrocortisone, heparin, fetal bovine serum and gentamicin/amphotericin B) (designated as complete media), according to the manufacturer's instructions (Lonza).
Reagents. The following pharmacological agents and antibodies were purchased from commercial sources: anti-phospho-extracellular signal-regulated kinase (ERK) (T202/Y204), anti-phospho-Akt (S473), anti-phospho-p70 S6K (T421/S424), anti-phospho-p38 MAPK (T180/Y182), anti-MMP-2, anti-MMP-9, anti-phospho-pRb (S780) and anti-phospho-pRb (S807/S811) (all from Cell Signaling Technology, Beverly, MA, USA); anti-p27 Kip1 (BD Biosciences, Bedford, MA, USA); anti-ERK, anti-Akt, anti-p70 S6K , anti-p38 MAPK , anti-cyclin-dependent kinase (Cdk)4, anti-Cdk2, anti-cyclin D, anti-cyclin E, anti-actin antibodies and mouse and rabbit IgG-horseradish peroxidase conjugates (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Preparation of LF extract. Five hundred grams of LF were extracted with 2 liters of ethanol and stirring for 5 h. The extract of LF was obtained as previously reported (32) .
Cell viability and proliferation assay. Subconfluent HUVECs, plated on 6-well plates (1x10 5 cells/well; BD Biosciences), were serum-starved for 14 h in EBM-2 media to synchronize cells in G 1 /G 0 phase of cell cycle and incubated for 24 h in EGM-2 BulletKit media in the presence or absence of LF (1 and 10 µg/ml). Following culture for 24 h, cell viability was determined by a Muse™ Cell Analyzer using Cell Count and Viability Assay kit (Merck Millipore, Billerica, MA, USA), and the cell proliferation was quantified as previously described (34) . The results from triplicate determinations (mean ± standard deviation) are presented as the fold-increase of the untreated controls or the percentage of viable cells of the total cell count.
Cell cycle analysis. Quiescent HUVECs were incubated for 24 h in EGM-2 BulletKit media in the presence or absence of LF (10 µg/ml). Cells were harvested with trypsin-EDTA, rinsed with phosphate-buffered saline (PBS, pH 7.4) and then fixed with ice-cold 70% ethanol for 3 h. After washing with PBS, cells were stained with Muse™ cell cycle reagent. The profile of cells in the G 1 /G 0 , S and G 2 /M phases of the cell cycle was analyzed with a Muse™ Cell Analyzer (Merck Millipore) (35) .
Western blot analysis. Quiescent HUVECs in 100-mm dishes (1x10 6 cells/dish; BD Biosciences) were incubated for 15 min or 24 h in EGM-2 Bulletkit media in the presence or absence of LF (10 µg/ml). Cells were rinsed twice with ice-cold PBS and lysed by incubation in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 100 µg/ml 4-(2-aminoethyl)benzenesulfonyl fluoride, 10 µg/ml aprotinin, 1 µg/ml pepstatin A, 0.5 µg/ml leupeptin, 80 mM β-glycerophosphate, 25 mM sodium fluoride and 1 mM sodium orthovanadate for 30 min at 4˚C. Cell lysates were clarified at 12,500 x g for 20 min at 4˚C and the supernatants were subjected to western blot analysis as described previously (36) (37) (38) . All western blot analyses are representative of at least three independent experiments. Bands of interest were integrated and quantified by the use of National Institutes of Health (NIH) ImageJ version 1.34s software.
Invasion assay. The upper side of the Transwell insert (Costar, 6.5-mm diameter insert, 8-µm pore size) (Corning Inc., Corning, NY, USA) was coated with 50 µl of 1 mg/ml Matrigel ® basement membrane matrix (10.4 mg/ml; BD Biosciences) diluted in EBM-2. Aliquots (100 µl) of HUVECs (5x10 4 cells/ml) resuspended in EBM-2 were added to the upper compartment of the Matrigel-coated Transwell and 600 µl of EBM-2 was added to the lower compartment. After serum starvation with EBM-2 for 2 h, cells were incubated for 18 h in EGM-2 BulletKit media in the presence or absence of LF (1 and 10 µg/ml). The inserts were fixed with meth anol and using a cotton-tipped swab the non-invasive cells were removed from the top of the membrane. After staining with 0.04% Giemsa solution (Sigma-Aldrich, St. Louis, MO, USA), the number of invasive cells was determined from six different fields using x200 objective magnification.
Tube formation assay. Each well of pre-chilled 24-well plates was coated with 200 µl Matrigel (BD Biosciences). Following serum starvation with EBM-2 for 2 h, HUVECs (3x10 4 cells/ml) were added to Matrigel ® -coated plates and incubated for 6 h in EGM-2 BulletKit media in the presence or absence of LF (1 and 10 µg/ml). Tube formation was observed with an Olympus CKX41 inverted microscope (CAchN 10/0.25php objective) and ToupTek Toupview software (version x86, 3.5.563; Hangzhou ToupTek Photonics Co., Zhejiang, China) (39).
Immunofluorescence microscopy. Quiescent HUVECs on gelatin-coated coverslips in 12-well plates were incubated for 30 min in EGM-2 BulletKit media in the presence or absence of LF (10 µg/ml), fixed with 3.7% paraformaldehyde for 5 min, washed with PBS, permeabilized with 0.1% Triton X-100 for 10 min, washed with PBS and blocked with PBS containing 5% BSA for 1 h. Primary antibodies diluted 1:100 in 5% BSA-PBS were incubated for 2 h at room temperature, washed with PBS, and followed by Alexa Fluor 488-conjugated goat anti-mouse IgG (Life Technologies, Grand Island, NY, USA). Images were obtained with Carl Zeiss microscope (Axio Imager. M2) and AxioVision Rel. 4.8 software (Zeiss Co., Gottingen, Germany).
Statistical analysis. Statistical analysis was performed using the Student's t-test and was based on at least three different experiments. The results were considered to be statistically significant at P<0.05.
Results

LF suppresses endothelial cell proliferation through regulating the expression of cell cycle-related proteins.
We first examined the ability of LF to modulate cell proliferation of HUVECs. LF treatment suppressed endothelial cell proliferation in a dose-dependent manner (Fig. 1A) and did not alter cell viability (Fig. 1B) , indicating that LF inhibition of endothelial cell proliferation is not mediated by induction of apoptosis or cytotoxicity. This finding is similar to the patterns of LF in other cell types as previously reported (32, 33) . We next examined the effect of LF on the cell cycle by DNA content analysis ( Fig. 2A) . LF treatment prevented the increase in S phase (10.2 vs. 8.7%) and G 2 /M phase (26.0 vs. 21.5%) and the decrease in G 1 phase (63.8 vs. 69.8%) associated with mitogenic stimulation, similar to those of untreated controls. These observations suggest that LF inhibits the transition from G 1 to S phase, leading to G 1 arrest, which is well correlated with inhibition of cell proliferation (Fig. 1A) . We have previously reported that the ethanolic extract and ethyl caffeate, a natural phenolic compound isolated from LF, had growth-suppressive activity in different types of cancer cells including non-small cell lung and ovarian cancer, this inhibitory effect was found to be mediated by downregulation of Cdks and cyclins (32, 33) . Based on these findings, we analyzed the changes of cell cycle-related proteins such as Cdks, cyclins and Cdk inhibitor p27
Kip1 in LF-treated HUVECs. As shown in Fig. 2B , LF treatment markedly reduced the expression of Cdks and cyclins, enhanced the levels of p27 Kip1 , leading to inhibition of pRb phosphorylation in response to mitogenic stimulation. These findings clearly show the regulatory effects of LF on cell cycle progression and proliferation in HUVECs.
LF inhibits endothelial cell invasion and tube formation.
The release of a variety of biologically active molecules from ECM and cell surface components by MMP-mediated proteolytic degradation is associated with the regulation of cellular behavior such as cell adhesion, migration and invasion (6) (7) (8) . Thus, we next examined the changes of cell invasion and MMP expression in LF-treated HUVECs. As shown in Fig. 3 , LF treatment markedly inhibited the invasion and MMP expression in response to mitogenic stimuli, suggesting that the anti-invasive activity of LF may be mediated through downregulation of MMP expression. In addition, LF treatment completely suppressed mitogen-induced capillary-like structure formation to the levels observed in untreated controls (Fig. 4) . Collectively, these findings clearly show the pharmacological roles of LF in regulating endothelial cell proliferation, invasion and tube formation.
Anti-angiogenic effects of LF are mediated through the downregulation of mitogenic signaling pathways and VE-cadherin expression.
Distribution of VE-cadherin at cell-cell contacts has been reported to enhance the stability of adherens junctions, resulting in maintenance of endothelial barrier function (9, 10) . Angiogenic factors such as VEGF-A disrupt the loss of VE-cadherin from the endothelial cell surfaces and induces endothelial cell responses such as permeability, proliferation, invasion and tube formation (13, 14) . Change of VE-cadherin function can be assessed by the levels of VE-cadherin detectable at cell-cell contacts. As shown in Fig. 5A , LF treatment prevented the mitogen-induced loss of VE-cadherin from cell-cell contacts, similar to untreated controls. To further investigate the molecular mechanisms by which LF modulates mitogen-induced endothelial cell responses, we examined the changes in activation of mitogenic signaling pathways including ERK, Akt, p70 S6K and p38 MAPK (40) . As shown in Fig. 5B , LF treatment markedly inhibited the mitogen-induced phosphorylation/activation of ERK, Akt, p70 S6K and p38 MAPK in HUVECs. Collectively, these observations suggest that anti-angiogenic activities of LF may be mediated at least in part through the inactivation of mitogenic signaling pathways and redistribution of VE-cadherin at cell-cell contacts.
Discussion
Overexpressed receptor tyrosine kinases (RTKs) and dysregulation of RTK downstream signaling pathways are closely associated with pathological conditions including cancer (40) . Selective inhibition or normalization of RTK-mediated signaling pathways has widely been appreciated as a rational therapeutic strategy. However, many drugs that target RTKs and the downstream signaling networks frequently lead to drug resistance and adverse effects in clinical trials or use. Therefore, natural products which act simultaneously on multiple molecular targets can sometimes be of therapeutic benefit in treating diseases. LF has been used for improving liver function, as well as in inflammatory and infectious disorders. These applications of LF may be mediated through anti-inflammatory, anti-oxidative and anti-hepatotoxic effects (25) (26) (27) (28) . We have previously reported that the ethanolic extract of LF inhibits proliferation and migration of non-small cell lung cancer cells through the inactivation of signaling pathways such as ERK, Akt and p70
S6K
, and the downregulation of epidermal growth factor receptor, integrin β1 and integrin-linked kinase (ILK) (32) . In addition, ethyl caffeate, a natural phenolic compound isolated from the ethanolic extract of LF, exerts anti-proliferative, anti-migratory and anti-invasive activities in ovarian cancer cells. The mechanism of these effects involves suppression of signaling pathways including ERK, Akt, p70 S6K and p38
MAPK
, and downregulation of human epidermal growth factor receptor 2, fibroblast growth factor receptor-1, vascular endothelial growth factor receptor-2, integrin α3β1, ILK and N-cadherin (33) .
In the present study, we demonstrate for the first time that LF inhibits mitogen-induced endothelial cell proliferation, invasion and tube formation. These anti-angiogenic activities of LF were found to be mediated through the inactivation of mitogenic signaling pathways, redistribution of VE-cadherin at cell-cell contacts and downregulation of MMP expression. Based on the regulatory effects of LF on MMP expression, we examined the ability of LF to alter the levels of TIMP-2, an endogenous inhibitor of MMPs which has been known to regulate cell proliferation and differentiation through MMP-dependent and/or MMP-independent mechanism (15, 16, 21) . LF treatment showed little or no change of TIMP-2 expression in mitogen-treated HUVECs (data not shown). These findings indicate that anti-angiogenic effects of LF may be mediated through the regulation of MMP-2 and MMP-9, but not that of TIMP-2. However, it cannot exclude the possibility that LF may modulate the expression and activity of other MMP and TIMP family members.
In conclusion, the present study demonstrates the pharmacological roles and mechanisms of LF in the regulation of angiogenesis, and warrants further evaluation and development of LF for the prevention and treatment of pathological states associated with angiogenesis. 
